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Interim Progress Report

for the period December 1, to November 30, 1981

I. Introduction

The technical summary is divided into three parts, one describing the

equipment status, the-second..the, experimental program, and. the third outlines

the theoretical studies that have been initiated. A list of publications and

presentations resulting from this work may be found in Appendix B.

II. Experimental Apparatus and Equipment

During the past year, a 12-18 GHz detection system has been constructed

and calibrated. This system now gives us detection capability in the ranges

7-12 GHz, 11-18 GHz, 24-40 GHz, and 60-90 GHz. Equipment in the 18-26 GHz

band is currently being acquired.

Several new experimental subsystems have been constructed, the most im-

purtaL of which are n = 20 and n = 40 multiresonator outer conducting bound-

aries. These systems, and the Leasons for their construction, are outlined in

the next section.

I1. Experimental Research

The experi-mental research program has centered around two general areas:

(1) the characterization and optimization of the broadband radiation observed

when a hollow, nonneutral, rotating E-layer propagates inside a simple cylin

drical or coaxial conducting boundary system, and (2) the use of carefully

tailored conducting boundary configurations and/or a preloaded azimuthal den-

sity structure on the beam to induce radiation at specific frequencies. The

-2-
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results of these studies up to the beginning of the period covered by this

progress report are summarized In two papers enclosed in Appendix C ("Intense

Microwave Radiation from a Non-Neutral, Rotating E-layer," Journal of Applied

Physics, May 1981, and "High Power Microwave Generation from a Rotating E-

layer in a Magnetron-type Waveguide," Applled Physics Letters, April 1981).

The major results of this work obtained during the current grant period are:

A. Radiation from Rotating E-layers Propagating in Simple Cylin-

drical or Coaxial Conducting Boundary Systems

(1) The radiation has been measured in the 11-18 GHz.band, and

as expected from previous data obtained in the 7-12 GHz band, radi-

ated power is detected at various harmonics of the electron cyclotron

frequency. This result is in good qualitative agreement with theory.

A typical radiated power spectrum obtained on a single shot (and in-

cluding all three bands) is shown in Figure 1. Typical electron beau

parameters downstream of the cusp transition are 2 MeV, 2 kA, 5 ns.

The relatively high radiated power in the 24-40 GHz band may be due

to the onset of t " TM modes, which do not occur theoretically until

about 18 GHz.

(2) Radiated power over all bands is not a strong function of

magnetic field in the range 1000-1400 gauss. Above 1400 gauss, the

beam electrons are reflected at the cusp transition, and no radiation

is observed because there is no rotating beam current on the down-

stream side of the cusp. Below 1000 gauss, radiation falls off rapidly

as the magnetic field is decreased. It is believed that at these mag-

netic field values the electron cyLlotron frequency is reduced to the
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point where there is no resonance between the beam modes and the

waveguide rodes. In addition, the electron beam density is also

reduced due to a decrease in the axial compression of the beam

due to the cusp.

B. Radiation from Rotating E-layers Propagating in _agnetron-

type (Multiresonator) Boundary Systems

(1) n = 20 and n - 40 multiresonator boundary systems have

been constructed and tested. Substantial peaking of the radiation

spectrum at about nw is observed in these systems, and a typicalce

Ka band spectrum for the n = 40 boundary is shown in Figure 2

(along with a spectrum obtained when the multiresonator boundary

is replaced by a simple cylindrical boundary of the same outer

dimension)-

(2) For these systems, substantial power is also observed at

about 10 GHz. As this frequency corresponds to a half wavelength

equal to the distance between the beam and the outer conducting

wall, it is possible that the radiation results from a transfer of

energy from beam modes to the modes of the resonators. Further

studies of this phenomena are currently in progress.

(3) The radiation is strongly peaked at values of axial mag-

netic field somewhat below the cusp cutoff value, as shown in

Figure 3. This peaking is much stronger than that observed when a

simple cylindrical boundary is used.
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In addition to these studies, we have performed initial experimental de-

sign studies on an experiment to investigate the interaction of a rotating

electron beam with a dielectric-lined outer conducting boundary (an experiment

to be performed in collaboration with Professor John Walsh's group at Dartmouth

College) and we have begun to investigate the feasibility of constructing a

table-top rotating beam experiment for microwave and millimeter wave generation

experiments. These efforts will be outlined in more detail in the summary of

proposed research for the new grant period.

IV. Theoretical Research

The theoretical research program has centered around two general areas;

(A) the radiated power spectrum at the end of a cylindrical drift tube due to

a harmonically modulated electron ring, and (B) the wavegulde modes in a mag-

netron-type conducting boundary. The first topic has been completed and its re-

sults are presented below. The second topic is ongoing and will be discussed in

the section on "Research Goals." Recall that we completed a linear stability

analysis of an E Ring in a hollow drift tube and of a long E Layer in a coaxial

drift tube during the previous year. The results of the E Layer studies are pre-

sented in the enclosed paper in Appendix C. These results showed qualitative

agreement with the experimentally radiated spectrum.

As a preliminary to the study of the efficiency of rotating beams for con-

version of beam kinetic energy into radiated energy, we have calculated the ra-

diated power spectrum out the end of a hollow drift tube due to a stationary,

harmonically modulated E Ring. The geometry for this analysis is shown in Figure

4. As shown, the ring is symmetrically located along the axis of a cylindrical

drift tube of radius Rw at a distance Zo from the closed end of the tube. The

ring has a mean radius R, radial thickness AR, axial length AZ, a mean azimuthal



velocity V# and uniform charge density po. The ring is assumed to have a

finite- pulse width designated by T . As a function of these beam parameters.,

we have calculated the power radiated out the open end of the drift tube for

the following harmonically modulated charge density;

and consistent current density where p0 is the

mean charge density and]/ the modulated amplitude. The pulse profile L (t)

* is chosen as

(r, z) as~/ a/ ~ unifo/r mouaedcag

a unit pulse of width T, and we choose. (rz) as a uniform modulated charge

over the cross section of the beam. Maxwells Equations can be decomposed into

TE and TM modes and each analyzed separately. We have first computed the Greens

Function in space and time for each mode and thus by appropriate integrations

can calculate a radiated energy density, r . For the TM mode we find

and for the TE mode- , . w"

where )C," = 603lCZ -X"7(77), 41"= &)Z'CI - '( ,,.Z e.,/, ,. ,,,.,

and N, is the number of particles in

the perturbedf Dode. In each case we can define an average radiated power

P .. Typical results are shown in Figures 5 - 9. In each graph we
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have plotted average radiated power versus frequency. Fixed parameters are

12NL - 10 and B - .9 8 6 (y=6). Figure 5 is the radiated spectrum for a ring fil-

ament of infinite pulse length and no end plate. The radiated frequencies are

atew =.,VO/R and we see that the n - 1, 2 and 3 radial modes can radiate in

the frequency regime considered. The TE modes set in at about 6 GHz and the TH

modes at about 20 GHz. Figure 6 shows the effects of an end plate. Some modes

constructively interfere and others cancel. In Figure 7, the effects of finite

axial length of the ring are shown. In Figures 8 and 9 the effects of finite

pulse width and finite radial thickness are shown for anj= 40 Th mode. In

Figure 8, the effects of only finite pulse width are shown and we see the ex-

pected broadening of the radiated spectrum about thei = 40 frequency. In Figure

9 we add on the effects of finite radial width which because of our choice of

beam model produces similar effects as does finite pulse width. When all these

effects are put together, the discrete spectrum of Figure 5 becomes a rather con-

tinuous spectrum in the frequency regime of the TM modes, i.e., greater than

about 20 GHz, yet these effects at lower frequencies, i.e., in the TE mode regime,

are less dramatic and the spectrum remains rather discrete. These theoretical

results are in very good agreement with respect to form with those of the measured

radiated spectrum in X and Ka bands.



-- 8200

%/

200

.8 9 -10. 11 f (G Hz)

1l00.

!00-

10 ' 12 1 6 G z

24 28 32 36 f(GHz)

Figure 1.Typical radiated power spectrum for three different detection bands

(X, Ku, K(a) produced by a rotating electron beam in a cylindrical

drif t tube.



9-

600 (a

a)400-

~200.

28 32 36
f (GHz)

600 (b)

~400-
0:
0-

-D0

o I

28 32 36
f (GHz)

14gyre 2. Typ.ical radiated power spectra in Ka band for (a) a rotating beam
in a cylindrical drift tube, and (b) a rotating beam in a n =40
magnetron-type outer conducting boundary.



-10-

300 1.
N CUSP

x, <CUTOFF
II (0.200 1

_ I

*1100 1200 1300. 1400

Figure 3. Radiated power at 9.6 0Hz as a function of applied axial
magnetic -field for a rotating beam in a n =12 xnagnetroi-, -
type outer conducting boundary.



Stationary Rotating Electron Ring, V#

End WaIll

SAZ

-AR Rw '\\JV/- P.

* Zo

*1 1

Figure 4: 'Geomnetry of model for radiation analysis.



- 12 -

1.-

.85

8 2 41. -

f X101 8

20-
4i

11

5 -

62 4 6 9
f X1S 10

i Figure 5: Power results for TM & TE modes, no end plate, infinite

pulse length, Z & AR =0, NL =1012, = 8
L96



6 -13-

40

4

e 4 68
f X19~

Fi u e66oe0e u t o M & E m d s i h e d p a e, T1Z&A ,N 1 2, .8,Z m



41

0.6-

*0.4-

0.2-I

f X10 1 0

20-

IC -1f X1

Figure_7: Power results for TM & TE modes, no end plate, T. =

AZ =4 cm, AR=O0, N 0= 1012986.



4- -15-

TW - 5n

--40

114

2.8-

TW = 2.5 n

2=40

f X1OIO

Figure 8: Power results for TM made with finite pulse length, AZ =0,

12
AR =0, NL 10 .=986, no end plate.



8.25 -16-

0.20- AR - .2 cm

- 40

().0 -

0.00
2.8 2.9 3.8I 3.1 3.2 3.3 3.4 3.

AR =.5 cm

=40

0.84

0.08-
2.8 2.9 3.0 3. 1 3.2 3.3 3.4 3.5

fX01

FIgure 9: Pow.er result for TM mode, no end plate, TW = 5 ns, AZ 0,

N 1012, ~986.



. !.

-39-.

APPENDIX B

List of Publications and Presentations Resulting from this Work

1. "Experimental Study of Intense Microwave Generation by the Negative Mass

Instability," W. W. Destler, W. Namkung, and R. L. Weiler, Bull. Am. Phys.
Soc. 24, 1068 (October 1979).

2. "Theoretical Study of Microwave Generation from a Rotating E-Layer-Co-
axial Waveguide System," W. Namkung, H. Romero, and C. D. Striffler, Bull.
Am. Phys. Soc. 24, 1068 (October 1979).

3. "Negative Hass Instability of a Relativistic E Ring in a Hollow Waveguide,"

T. F. Wang and C. D. Striffler, Bull. Am. Phys. Soc. 24, 1068 (October
1980).

4. "High Power Microwave Generation from an Intense Rotating Electron Beam,"
W. W. Destler, C. D. Striffler, W. Namkung, H. Romero, and R. Weiler,
1980 IEEE Int. Conf. on Plasma Science, Madison, Wisconsin (May 19-21,
1980).

5. "High Power Microwave Generation from a Cusp-Injected Magnetron," W. W.
Destler, R. Kulkarni, C. D. Striffler, and R. L. Weiler, Bull. Am. Phys.
Soc. II, 25, 886 (1981).

6. "High Power Microwave Generation from a Rotating E-Layer in a Magnetron-
type Waveguide," W. W. Destler, R. L. Weiler, and C. D. Striffler, Ap.
Phys.-Lett 38, 570 (.1981).

7. "High Power Microwave Generation from a Rotating E-Layer in Various Con-
ducting Wall Systems," W. W. Destler, R. Kulkarni, C. D. Striffler, and
R. Weiler, 1981 IEEE Int. Conf. on Plasma Science, Santa Fe, New Mexico
(May 18-20, 1981).

8. "Intense Microwave Generation from a Nor-Neutral Rotating E Layer," W. W.
Destler, H. Romero, C. D. Striffler, R. L. Weiler, and W. Namkung, J. of
Appi. Phys. (to be published).



-40-

APPENDIX C

Copies of Papers Published and Abstracts of Papers Presented

I .... ...........i .....- Ji11 l "' ....[,



Intense microwave generation from a non-neutral rotating E layer
"' W. W. Destler, H. Romero, C. D. Striffler, R. L. Weiler, and W. Namkung

Electrical Engineering Department. University of Maryland, College Park, Maryland 20742

*(Received 28 July 1980; accepted for publication 10 November 1980)

* The radiation produced by a hollow, non-neutral, rotating, relativistic E layer propagating inside
a coaxial cylindrical drift tube has been investigated theoretically and experimentally. The

* measur'd radiation spectrum is very broadband in agreement with theory, though a shift in the
spectrum can be achieved by a preloaded azimuthal density structure.

' PACS numbers: 52.80.Vp, 52.60. + h,

4 I. INTRODUCTION sage through the cusp, the hollow rotating Elayer has nomi-
Thenal properties of 2-MeV particle energy, 1-2-kA, and 5-10-
The production of very-high-power bursts of micro- ns pulse width. The beam is radially thin and axially longraito ycupigteotu o ihcretbecause the magnetic field setting is generally 50 G or sowave radiation by coupling the output of high-current rela- n us it.Teba srdal hnadailyln

tivistic electron accelerators to conventional microwave de- below the cutoff magnetic field. Since the beam is fairly ten-

vices (Klystrons, Backward Wave Oscillators, and uous, the rotating azimuthal velocity is that of axis-encir-
Magnetrons) has been reported by several groups during the
past few years.' Many of these experiments have reported cling cyclotron motion,

conversion efficiencies of electron beam power to microwave V00 = row, = roeBo/myo; (1)
power comparable to those achieved in conventional devices where r. is the cathode radius, Bo the uniform downstream
working at'much lower power levels. The successful applica- magnetic field, and yo the relativistic mass ratio, i.e.,
tion of high-power electron accelerators for the efficient gen- mc 2

(o - 1) = eVo-2 MeV. The axial velocity depends on
' . eration of microwave radiation has led to the investigation of the magnetic field setting, and for balanced cusped fields is

several new concepts aimed at intense microwave and milli- given by
meter wave production. These new concepts are designed to = - - (rBO/m) 2l 2  (2)
produce radiation at frequencies attractive for such diverse
applications as plasma heating and atmospheric propaga- from which we see a "cutoff" field ofH tion. These new ideas include gyrotrons,' free-electron la- B, = (mc/ero)( o - 1)112. (3)

sers,2 and radiation from nonneutral rotating E layers," the The post cusp hollow beam propagates down a coaxial wave-
subject of this repot guide system formed by inner and outer conducting cylindri-

The loss of electron energy to radiation in rotating ele- cal walls between which theE layer travels. We theorize that
tron rings and E layers has been reported by several groups the beam forms azimuthal clumps due to the negative mass

during the past decade,'' 2 usually as part of studies aimed
effect, and subsequently radiates as coherent synchrotron

at reducing this radiated energy in order to maintain beam
quality. In the work reported here, theory and experiment
undertaken with the goal of characterizing and maximizing when the frequency of such radiation is above the cutoff
ta oh Efrequency of the cylindrical waveguide system. Further-, the microwave radiation from such rotating E layers is re-

ported. Initial studies of the microwave radiation from a ro-.

tating E layer were reported by Granatstein et al.,a and a
theoretical analysis of the resonant interaction between I PLAT
beam modes and the TE and TM modes of the vacuum drift ODoE tcuU T

chamber in such a system were reported by Sprangle. 3 A .L COMRSSOR COLs

more complete experimental study of this radiation produc- O :"
tion (and its suppression when so desired) was reported by
Destler et al.,' and subsequent theoretical analysis has been
provided by several groups. .4.15

In Fig. 1, a schematic is shown of the experimental sys-
tem that is used in our studies of microwave generation. The
diode is composed of a thin annular ,-thode of mean radius 6 CTc - v PUMP

STEM, e, {~lI

cm and an anode plate through which the beam pases into 20
the cusped magnetic Ield. The nominal diode properties are so
2-MV, 20-30-kA, and 20-30-ns pulse width. The cuspd - ------
magnetic field is formed by oppositely driven current coils 6 -2Kl

and an iron plate. A typical axial magnetic field profile is z Z,-.

shown in Fig. I where we see the field is essentially uniform FIG. I. Schematic of the University of Maryland rotating E layer micro.
in a region immediately downstream of the cusp. After pas- wave generation system.

2740 J. Appl. Phys. 52(4). April 19el 0021-8979/81/042740-10$01.10 ) 1981 Amercan Institue of Phm 2740



/o \Roaoti E Layer, The basic equations used in examining the linear elecn
". 12 °tromagnetic stability of the system are the single particle

Ri a. # [!( 1 orbit equations and Maxwell's equations. These equations
I 1 are, respectively,

dm-yv= -e(E+vXB) (4)
dt

_%- AGrounded Walls and

FIG. 2. Geometry orthe model. (V2 a2 E  40 - ""_p, (Sa)

more, we expect an enhancement of radiation at frequencies ( _ 4 )B= -pVXJ, (5b)

associated with the various waveguide modes. ,C

In this paper, a theoretical treatment identical in for- where m, - e are the rest mass and charge of a beam elec-

malism to Sprangle'3 of the linear stability of a thin, dilute, tron, y = (I -2 2  is the relativistic mass

rotating E layer propagating in a coaxial waveguide system ratio with v, = f,c = i, v, = f#,c = r =, v, =,6,c = z as the
is presented in Sec. II. Results ofexperimental studies of the velocity components in cylindrical coordinates, (rgSz),E,B
radiation production in such a system are presented in Sec. are the electric and magnetic fields in the system, andp,J are
III. Conclusions are drawn in Sec. IV. the beam charge and current densities.

The equilibrium steady-state system is described math-
II. THEORY ematically by the conditions 8 /at,a/434 ,d/az = 0. Under

To study some of the properties associated with micro- these conditions, plus the assumption of a tenuous beam,

wavegeneration from a rotating Elayer traveling in a coaxial that is, the beam self fields are ignorable, Eq. (4) gives the
waveguide system, we consider the model whose geometry is beam equilibrium properties as

shown in Fig. 2. The coaxial waveguide consists of ideal in- v, -V,o = 0,
ner and outer concentric cylindrical conducting walls of

radii R, and Ro, respectively. The thin E layer of radius r, is v,-mVo (eB/myo)ro - 12oro/TO = wro,
concentric with the conducting cylinders and has a mean V, V,o,
azimuthal velocity vo = fl,c and mean axial velocity and

vo = fl.c and a relativistic mass ratio - (I _2 12 )-112

To =(1 -8wo -PA )- 2 The entire system isimmersed in where = is t u om a ai mantc- l. We
a uniform axial magnetic field B. where B, is the uniform applied axial magnetic field. We

We examine the linear electromagnetic stability of this further assume that the beam is thin such that the beam

system in the limit of a tenuous beam at the condition for density is given by n, = n5b(r - ro), where n, is the surface

resonant interaction between a beam wave and the various particle density of the beam. Thus our system is a thin, ten-

TE and TM modes of the coaxial cylindrical waveguide. uous rotating E layer that also propagates along an applied

Such an interaction can be depicted as shown in Fig. 3, where magnetic field between two concentric coaxial conductors of
a typical waveguide mode and beam mode are plotted in an radii Rj,Ro, as shown in Fig. 2.
o-k, diagram. At the interaction points indicated (k -f ,a-) The stability of the system is examined by linearizingw-kqs diaram Atd t5h. inercto porbit indicaton (k -naw -)

and (k,' ,w), we have "resopant interaction". If these are Eqs. (4) and (5). The orbit equation is linearized as

both unstable, a backward (w -) and forward (w+ ) growing r = re + r,(Oz,t ,
wave are produced. If no intersection of the two modes oc-
curs, then a resonant interaction is not possible and the pro- o + (fo/Yo) + b(q,z,t), ()
ceeding analysis wil indicate no unstable wave. This is not to z = Zo + Vot + z1(O,z,t),
imply that only resonant interactions are unstable but to in- where subscript "one" variables are assumed small com-
dicate the properties of such unstable interactions by analyz- pared to subscript "zero" (equilibrium) values. The linear-
ing the relatively simple resonant interaction. ized particle velocities become

Velocity of v. r,6 + (Ilalr0 )r, (8)t
ks  ~~~~Light Line - - - -  )1=ro + (//o "(8

(k*Z1 *)U,, =Z 1 .

5Linearizing the electric and magnetic fields as

Waoveguide E 6E(r, ,z,t),
"-IV B Boi + bB(r,z,t), (9)

kz Fourier decomposing in the Oz,t coordinates as

FIG. 3. Graphical description of resonant interaction between a waveguide expi(lo + k,z - wt), the linearized particle positions
mode and a beam mode. become

2741 J. Appl. Phys.. Vol. 52, No. 4, Apdt 1981 Destler el . 2741
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"o TE( -Bo- , -( -- L #}-o, + tined...6(02- jBE
and TE and TM coaxial waveguide fields, Fourier decomposed.

"(elmyoo',X BE. /74. -,6,o BE, - 6,oc BBE, We substitute thes fields into both sides of Eq. (11), multiply
zti o ) the equation by the axial component of the field and by rdr,

where and then integrate froni R, to R to obtain a modified disper-
sion relation to the empty waveguide due to the presence of

0D2(02-2 /y~,2I w ~a - 7/y - k v.0. the tenuous beam. The following analytical results are

'( + ia 12  " "w2. ]' 6. aB='t(a,r/'Rexplq+kz-tot), (15)"

ra 2 1, -0 p2obaied

~ ~ Iwhere
- = -i, S I'a.r! a) (./A-=cJ,(o,./) + DN'a,./Ro' 'l6}

+u 2 " k)' J,N, are Bessel functions of first and second kind and

-- +-68- k , (a,,,/R)
2  -a2c - k .Applying appropriate boundaryand t v riable conditions leads to a determination of the igenvalues a,,,

d = amFitud t -atdep enib) givenby the solution to"
where, with the aid of the cin ity equation he linearized f(ao)N a ,R R) - co;(ax.R,/RNl(avO ca0. (17)

charge and current densities are given by Thus for each I, n =1,2,..., Which represents a radial mode
becom, -e r-enumber. Using Eq . (15), omputing the other TE fields,

6(r-r+en8r- 0' E,,E,,B. ,.,. and performing the manipulations as outlined
" ,1= - en,8(r- ro)i, + 86{(r - ro)Vo + en,6'(r -ro~frve, above, the following modified dispersion relation is

d 1 with (12b) obtained:

-7- 1)k - EL - k BE

r" 2where
In our analysis, we apply the continuity equation for the d r a o [he -prescribed particle motion, whereas in Ref. 13 an indepen-d

dent charge cnservation relationship is derived. This differ- -- e (ach -- I /x,, whh) re(xpre)] r,
ence firt appears in Eq. ,13) where our cofficient ofth,/ro is E f.ield skv. )1
replacedby"l"intheRef. 13 analysis. ln the final resultsmfor Aultin -- s oulie

Sgrowth rates [Eqs (21) and -28)]. this effect appears in the in mio

find that this factor is not substantial. ' / '' 0  7 Ir\ " {9

The linearized velocity components after Fourier de- X4 -k. u, - 2 , (19)
composition are

_ - C = -

en, -- -- i U2r0/70o; (134) 1- 
v In 0

, , -i+,.. To + +o /

Our procedure for solving these linearized equations is and
as follows. We assume the perturbed fields are the various " u e1n,/mrjlo = Ro/r,, R,/r,,x, a,,ro/R.
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P
f-or the specific case of resonant beam-waveguide mode in- rTE V 3 fIY. V"
teraction, mathematically given by a,(V/yo)" 3  (2.8,00 )2 1

_ =117,,y + k~v,, = (k 2c + a2,,c'R 2)1/2, (20) ~ 2]1/3, 2

the above dispersion relation can be solved for a growth rate where x". (1

"FT- -f',,m. The result is

2 jo V, ,. -A;(X,.vv;(a, o [R ;(a,.)N ;(xj,.)- J ;(x ,. ;(a,.j]
RR roI

(a,.VV(.'R N-(1- -( ;(a,.) ;(,.) -

O( 0 )( r F(22)

and at resonance, we have by

-oin 0/° ±n +OB 3[(i = )-o -a ] ,23) E. 'le,(,.r/Ro) expi(IO + kz - wt), (24)

1*2 ) 2 1,,2  where ', has the same form as in Eq. (16). Applying the
k,cy o )2 - -J ' appropriate boundary conditions allows the determination

an Lof the eigenvaluesli., given by the solution to
and

V/ro = ao, /2r 2 . J,(fl,.)Nj(fi,RR/oR) - N,(fl,.,(fl,.R,/Ro) = 0, (25)

From Eq. (23), we require for resonance that I, oYjo >x,,. with

B. TM coaxial mode (:.IRo) 2 = 21c2 - k z.

The fields for the TM coaxial waveguide modes can be Proceeding as in the TE mode, the following modified dis-

determined from the E, field with B, = 0. This field is given persion relation is obtained:
A I

C;2_ 2w~='R2  ---- l,0 - kc)256. [A 6' (ya) + B,. W,(y,,)';(y,,) + , (26)

where

.52= [1W.;('o.)- 772,2 W;2(,jiyj)] ',

A ,12 012 (]
-) ""koao- k.c)2  (27)

(27)
a, 1. e ,l (~/oa

with
Yi. = 6,.r.1RO.

For resonant beam-waveguide mode interaction, the above dispersion relation can be simplified and a growth rate
r~, -JmaM computed-

r_ J3L ([lao/ro)Yo)] 2 -h6L/R0 ) T[M 1 1],(W..a , (/ , 1 jtp.',21 Wo ) 07A.0,.I'
where

h 2 L_.J,(, AL N,(y,.) - N,( ,_ ,(y,.)i[J,(t,.)N,(y,.)J,(y,4N,(f,.}1

RR,VR

(29)

2743 J. Appl. Phys.. Vol. 52, No. 4, April 1981 Destler ota 2743



and at resonance function of various system parameters. In Fig. 4, the beam
)2 2

°  C 2 1, properties are fixed at yo = 6,lo= 0.2, and r, = 6cm. In
w o0  '= ± °ao.PB ., i- Fig. 4(a), then = I growth rate is plotted versus harmonic

Yo0 number I with ro/R o as a parameter. We have only plotted
(30) the "backward" traveling wave (k - ,w-), as shown in Fig. 3.

k,c = 1 ±O o = o ' C2 1 We see that for a given r0 /R,, there is no resonant interaction
Yo-- Y0 / "oJ ' for low harmonic numbers. The interaction begins when

and for resonance to occur, we require 1,i6oYo >y ,. 1> x,/floy,. However, once resonance can occur, the lin-
In Figs. 4-12, graphical resuts are presented of the lin- ear growth is fairly constant for beams near the outer wall for

ear growth rates for the waveguide-beam mode resonant in- I <1< 80. In Fig. 4(b), r,/R u is fixed at 0.8 and all radial mode
teractions as given in Eqs. (21) and (28) as a function of var- numbers are examined for stability in the region 1 </< 80. We
ious beam and system parameters. We find that ar, inner see that as the n = I mode growth rate falls at larger 1, the
conductor forgiven beam properties and fixed outerconduc- n = 2 radial mode becomes unstable for I;t 41, and finally at
tor radius has very little effect unless the inner conductor is 1-75, the n = 1, 2, and 3 modes are all unstable. Thus we
extremely close to the beam. With this in mind, we first pre- expect a fairly broad spectrum of unstable modes once the
sent results for a hollow waveguide and show the growth rate condition for the n = I mode is satisfied. In Figs. 4(c) and
dependence on harmonic number /, outer wall radius Ru, and 4(d), the results are plotted versus ro/Ro with harmonic n'um-
axial beam velocity ,o,. We specifically display the results as ber I a parameter. Again, the lack of resonance at low har-
a function of frequency over the spectrum examined in the monic numbers is seen for beams located nearer to the outer
experiment, i.e., X and Ka bands. Finally, we display the wall.
effects of the inner conductor. We normalize our growth In Figs. 5 and 6, the results are plotted as a function of
rates to w,(v/yo)' 1' = (eBmrnyo)(V/y)". Thus, for a given frequency and specifically in the region from 0-20 and 20-40
yo and beam radius r,, we see that as f,, varies, Bo varies GHz for comparison (qualitatively) with the experiment. In
appropriately according to Eq. (6). However, for the range of Fig. 5, the beam parameters are yo = 6, r, = 6 cm,
,, covered in our graphs, there is very little change in Bo, roR o = 0.8, and = 0.0. For this case, we see that both
i.e., about 30 G out of 1680 G. the "forward" and "backward" unstable waves occur at ex-

In Figs. 4-6, the results of the TE resonant interaction, actly the same frequency; thus each point represents both the
Eq. (21), are presented for a hollow waveguide R, = 0 as a w - and w+ growth rates. The entire unstable spectrum is

shown in Fig. 5(a) where we see the first unstable mode is1=7 for n = 1,1=41 for n =2, and I=74 for n =3. The

o0 o 8 ,/%.o9 frequency region covered by X band is shown in Fig. 5(b) and
05. that by Ka band in Fig. 5(c). Only the n = I radial mode is

0 20 40 60 80(a) HormoMc Nu'be -I
1.0 In. .... n.2 n.3 -

- 0.5 to/Ro 08 ... n.2 n.

-0.0 .5 1 7... .. 74O. L - - ' -'w" 0.5
20 40 60 80 "-,7(b) Ha rrnowc ?f, imb-1

"-1.00.400.06- J I-

52 2 3 4 5 6 7
0.75 i- (a)

0 25 - . ... ... . .

0.00 25fc

(c) 0.0 02 0.4 06 0.8 1.0 7to

1.00- r0 R0.0

~ . 05 1.0 1.5 2.0
0.75- 40 (b)

20
0.50, 5 0

n-2 Z 1.0

025 . ?6 fc n .
"0 .. ~ 41tc. •"". .

0.00t .z 0.5- . . .
.o 0.2 0.4 0.6 0.8 1.00 I.

(d) a/Ro

FIG. 4. Normalized rE growth rate [Eq. (21)] for beam properties yo = 6, 2.0 2.5 3.0 35 4.0
6,w = 0.2, ro = 6 cm, and R, = 0.0 vs (a) harmonic number / f, r n = I, (c) FCqoncy. o'0CPS

= a- mode with Pe/R a parameter, (b) harmonic number I for
ro/R o = 0.8, w = w - mode with n a parameter, (c) r,/Ro for n = 1, w = va- FIG. 5. Normalized TE growth rate (Eq. (2 11 for beam properties ro = 6,
mode with I a parameter, and (d) r,1R, for n = 2, w = wa- mode with Ia 0, = 0.0, ru, = 6 cm, rof/Ro = 0.8, R, = 0.0 vs frequency. Note w- = w*.
parameter. (a) Full spectrum for I </< 80, (b) 0-20 GHz, and 1c) 20-40 GHz.
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1.0.FIG. 8. Normalized TM growth rate [Eq. (28)] for beam properties ro = 6.

-0.5 t
c
* fl,, = 0.0, r0 = 6 cm, ro/R. = 0.8, R, = 0.0 vs frequency. Note w- = *.

30 " . . (a) Full spectrum for l<l/80and (b) 20-40GHz.

0.0
(c) 2.0 25 3.0 3.5 4.0 observed in the less than 20-GHz region while both the n = I

. Frequency -O 'CPS and n = 2 radial modes are seen in the 20-40-GHz region.

FIG. 6. Normalized TE growth rate [Eq. (21)] for beam properties Yo= 6, In Fig. 6, the beam's axial velocity is#,o = 0.2 while all
,, = 0.2, ro= 6cm, ro/Ro = 0.8, R, = O.Ovs frequency. Note w#a. (a) other beam parameters remain the same as in Fig. 5. Now the

Full spectrum for I <1<80, (b) 0-20 GHz, and (c) 20-40 GHz.' w- and w + unstable modes are seen not to be coincident but

are shifted below and above the o, frequency. Explicitly,
the I = 10 mode is labeled in Fig. 6(b) while the I = 30 mode
is labeled in Fig. 6(c). Thus, when #,o = 0, the.points co-
alesce, whereas for finite fo, the two modes w'- and ai+

,.o- 0.separate with the separation becoming greater with larger
-.Q..4..-0 6 . .w w,..._L"~ ~~ .:o " .- .. .. ......

0.0 1"..".... " --- - n l
0 20 40 60 s0 0.6 n-I

() Hormoni Number- 0.7 w" .- "

ID 0.5--

0.o ro RoOe8 0.4-0. -. "". " ".

".O 2t "'" 0 3 "
.' 0.01 I.. J... _ 0.3 %

(b) 20 40 60 8o 0.2
Harrmonic Number-I

0o.70.

07 4080 30.1
ac 0.50- 5 " 0.0 ___' _' ____

I - - L- I 2 3 4 5 6 7

e 02 5 (a)

O.O

00 0.2 0.4 0.6 0.8 1.0
0.6 - . . .

2075 .30.0 5 4

0.5020 4080

05L* 5 n.~ OA - '30 fc

FG?.Normalized TM gprowth rate [Eq. (28)1 For beam properties To = 6,2. 2. 30 35 40=d = 0.2, ro = 6cm, and R, = 0.0 vs (a) harmonic number I for0 = , (b) Frequency -0'ICPS

w, = w- mode with r/Ro a parameter, (b) harmonic number I for
rRO= O..a = - mode with na parameter, (c) r/R 0 for n = l, w = w- FIG. 9. Normalized TM growth rate [Eq. (28)1 for beam properties yo = 6.
mode with ! a parameter, and (d) rolRo for n = 2, w = w- mode with I a ,o = 0.2, ro = 6 cm, r,/R9 = 0.8, R, = O.Ovs frequency. Note- low*. (a)
parameter. Full spectrum for I <1<80 and (b) 20-40 GHz
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FIG. 10. Normalized TE growth rate [Eq. (21)] for beam propertiesa r 6,

P,, = 0.2, ro = 6 cm, ra/Ro = 0.75 vs harmonic number I for the n =I, FIG. 12. Normalized TM growth rate [Eq. (28)) for beam properties "o = 6.

w = a- mode with inner conductor radius a parameter, R,/Ro. (a, is value r= 6 cm, r,/Ro = 0.75, R,/Ro= 0.5 vs harmonic number I for then== 1,

of a, when ,.0 = 0.0.) a = a
- mode with axial velocity fo a parameter. (a, is value ofa, when

= 0.0.)

fio. We still may observe a strong interaction at a given fre-
quency; however, from these results, they would have to be expect some discreteness in the power spectrum in the X-

interpreted as different I numbers. As an example, in Fig. band frequency region but considerably less discreteness in

6(c), we see the I = 30- mode is very close to the I = 25 +  the Ka-band frequency region.

mode, etc. In Figs. 10 and 11, the effects of an inner conductor on

In Figs. 7-9, the results of the TM resonant interaction, the TE and TM resonant interaction are shown. The beam

Eq. (28), are presented for a hollow waveguide, R, = 0. They parameters are Yo = 6, ro = 6 cm, fl, = 0.2, and

are displayed in exactly the same format as the TE results. rdR o = 0.75 in both figures. Also, only the results for the
The most significant difference is that resonant interaction n = I and w- mode are displayed. For the TE mode, Fig. 10,
does n6t occur until larger harmonic numbers are reached, the hollow waveguide result is effectively obtained for
i.e., at higher frequencies for the same beam and conducting Rj/Ro < 0.65, and substantial change is observed only when
wall geometry. In fact, for rdRo = 0.8, no unstable modes 0.7 < RRo < 0.75, that is, when the inner conductor is at
are seen for less than about 20 GHz. The magnitude of the the beam radius. For the TM mode, Fig. 11, the inner con-
growth rates are the same as for the TE mode. In combining ductor has to be even closer before any substantial change is
the results of the TE and TM resonant interaction, we would seen.
conclude that the less than 20-GHz spectrum involves un- In Fig. 12, an appropriately normalized growth rate is
stable modes that are TE in nature and only the n = I radial plotted to show the effect of finite#fo. Though there is a
mode, whereas the 20-40-GHz spectrum involves TE and decrease in growth rate asfo increases, there is little change
TM modes with n = I and 2 for the TE waves and n = I for in the spectrum for the choice of system parameters chosen
the TM waves. Including the effects of finite flo, we would except as indicated above.

Ill. EXPERIMENT

- 0 R /R* 0. 50, 0.55. 0.60 The experiments were performed at the University of

02 . Maryland's Charged Particle Beam Facility. The apparatus
." .-. "..- used is shown schematically in Fig. 13. A coil pair forms the6.. . upstream halfofa cusp magnetic field, and a solenoidal set of

. 0,4 "-

cr "REMOVABLE ENOWALL
ANODE PLATE IRON PLATE FOR VARYING L,

Lp0.2 :

OIL ACC...

* 0 20 40 60 80

Harmonic Number -1

FIG. 11. Normalized TM growth rate [Eq. (28 1 for beam properties T = 6, DOWNSTREAM COILS LNE

= 0.2, r,, = 6 cm, rR, = 0.75 vs harmonic number I for then = , 0

wa = a- mode with inner conductor radius a parameter, R,/R,,. (wa is value

of a, when/P. = 0.0.) FIG. 13. General experimental configuration.
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c~oils located around the downstream drift chamber provides 9-20MeV
the other half of the cusp. The solenoidal coils also provide a 3o 25MW

uniform field region where the beam propagates. Here beam A
modes couple with the modes of the hollow waveguide 6 \

formed by the drift chamber. A soft iron plate has been in- -
serted between these two coils to shorten the cusp field tran- c 3
sition region. X

In operation, a hollow cylindrical beam of 25-ns dura-
tion, full width at half-maximum (FWHM), is emitted from 800 1200 1600

- the circular knife-edge cathode of 6-cm radius. The cathode 8 (Gauss)
is made of tantilum or carbon. The electrons travel approxi-
mately 7.5 cm to a brass anode disc attached to the iron plate. 6 / 20 MeV
The anode disc has an annular slit of 6-cm mean radius R 20 Gauss
through which the electrons pass into the downstream re- 2
gion. During this transversal from the cathode to the down
stream region, the electrons feel a v. XB, force, which acts to .
convert the axial velocity ofthe beam electrons into rotation- E 6
al velocity, thereby producing a rotating ring of electrons. a 4- /
Some control over the amount of electrons propagating into 2 2 5 MeV
the downstream region may be achieved by varying the an- I I 4 G
nular slit width, whilecontrol over the energy of the particles (b) 12 24 36 48 60
may be achieved by varying the diode voltage. z (cm)

Typical values used in the experiment were a diode volt- FIG. 14. (a) Radiated power in X-band (7-12 GHz vs cusp magnelic field

age of 2.5 MV and a diode current of 10 kA. The magnetic for two different peak electron beam energies. (b) Mean radius Rand outer
* field was varied over the range 800-1500 G. A vacuum of radiusR.ofthebeamasa function ofaxialpositiondownstreamofthecusp.

about 10- Torr was maintained upstream and downstream
of the cusp transition. The hollow rotating E layer propagat-
ing in the downstream region (typically, 2.5 MeV, 1-2 kA, 2- cutoff of radiation occurs at higher applied magnetic fields
5 ns) is guided by the uniform magnetic field provided by the for the higher energy cases, a result consistent with the fact
solenoidal coils. The chamber itself is a 3-m long, 15- that higher cusp fields are requirLl, in this case, to prevent
cm diam aluminum cylinder, which forms the permanent beam transmission through the cusp:' 6 It is also evident that
outer conducting boundary for all experiments. Various in- the highest radiated power is observed for the lower beam
ner conductors may be inserted into the downstream drift energy. The spectral content of this radiation is discussed in
chamber on axis. Sec. III.

The radiated power spectrum for the experiment is ob- Time integrated photographs of the light emitted when
tained using the setup shown in Fig. 13. The downstream the downstream beam strikes a graphite-covered acrylic
end of the drift chamber is flared to allow a smooth transi- beamstop have been used to measure the mean beam radius
tion of TE and TM waveguide modes into free-space TEM Rand outer radius Ro, as a function of axial position in the
modes. A pair of receiving horns and dispersive lines (X drift chamber. Results of these studies for the 2.0- and 2.5-
band, 7-12 GHz and Ka band, 24-40 GHz) of length 34 and MeV cases are plotted in Fig. 14(b). The magnetic field was
24 m, respectively, are placed a known distance beyond the chosen so that the axial beam velocity in each case was ap-
acrylic endplate. Microwaves are transmitted through these proximately 0.3 c. It is readily seen that the loss of mean
lines through calibrated attenuators to calibrated detectors. beam radius as the beam propagates is much greater in the
The total radiation may be calculated by taking into account 2.0-MeV case than in the 2.5-MeV case. This result is consis-
the solid angle subtended by the receiving horns and the tent with the higher power levels observed for the 2.0-MeV
attenuation curves for the dispersive lines. The frequency case. If the total loss in mean beam radius is due to radiated
content may be determined from their dispersion energy, the total radiated power should be about 10' W.
characteristics.

B. Effect of inner conducting boundaries
A. Hollow guide experiments In order to study the effect of different conducting

The coupling of unstable beam modes into the TE and boundary systems on the radiated power, three different
TM waveguide modes of an open-ended hollow cylindrical configurations were used. The conductors were inserted in
waveguide (1 5-cm diam) has been studied extensively. The the downstream drift chamber on axis. These were (1) a solid
total radiated power in X band has been measured as a func- inner conductor of 5.0-cm-diam, (2) a solid inner conductor
tion of applied cusp magnetic field, and is plotted in Fig. of 7.5-cm-diam, and (3) a 8.75-cm-diam "squirrel cage" con-
14(a) for different injected beams with peak energies of 2.0 ductor designed to allow image charge but not azimuthal
and 2.5 MV, respectively. Peak injected current in both cases image currents. Previous experiments have shown that such
is in the range of 1-2 kA. It is interesting to note that the a configuration provides axial focusing of the beam elec-
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- 3.75 cm Inner Conductor 200

12 12 o No Inner Conductor

- 0100

X.1 O0 '. 
•  
"" .. ..

80 IO 1OO[OO 16OI0 12 2212

F ~00
00

/ 00,0 /I I1-
B (Gauss) f (GHz) f (GHz)

FIG. 16. Typical radiated power spectra in X2band and Ka band for the 1FIG. 15. Radiated power in Xband for various conducting boundary =12 and I. = 40 anodes.
configurations.

trons, " The total radiated power in X band has been mea- (3) To exert greater control over the radiated power
j sured as a function of applied cusp field for each of these spectrum, it may be necessary to tailor the downstream

configurations and is plotted in Fig. 15. It is evident that the waveguide towards the excitation of a particular mode.
highest radiated power levels are observed when an inner
conductor is present and that larger diameter inner conduc- D. Effect of finite axial length
tors seem to result in greater radiation production. Although
the highest radiated powers are observed in the squirrel cage In an attempt to fix the axial wavelength of the radi-
configuration, it is not clear from the results whether this is ation and thereby control the radiated power spectrum, a

* due to the chapged boundary conditions or simply the larger movable conducting endwall was introduced into the sys-
diameter of the squirrel cage conductor. tern, as shown in Fig. 13. A small rectangular aperture in the

endwall was used to couple radiation out of the fixed length
cavity where it propagated to the end of the system guided byC. Effects of preloaded azimuthal density structure
the 15-cm drift tube.

By passing the beam through an anode plate with a giv-
en number of azimuthally spaced transmission apertures lo-
cated at the beam radius, a preloaded beam density structure 4
may be imparted to the beam prior to the cusp field. In this Fa- 12

manner, some control over the beam-waveguide mode cou- X X-bond (7-12GHz)
piing may be exercised. In the experiment, two anode plates, o Ka- bond (24 -40 GHz)

with 1 = 12 and 1A = 40 apertures, respectively, were used.
As the electron cyclotron frequency is about 800 MHz in - 2- X

these experiments, the I, = 12 anode was chosen to maxi-
mize radiation in the Xband while the 1A = 40 anode was
designed to maximize Ka-band radiation. The actuz! beam -
transmission area was 28% higher for the 1, = 12 anode
than for the 1, = 40 anode. Typical power spectra and plots - 1300 500

ofthe total power in each band as a function of applied mag- 0 B (Gouss)
netic field are shown in Figs. 16 and 17, respectively. Several -4o

features are apparent from these measurements. X X-bond
(1) As expected, the radiated power in Xband is greater o Ko-bond

for the I = 12 case than for the 1, = 40 case, while the radi- 2 t
ated power in Ka band is greater for the 1, = 40 case despite
the reduced anode transmission area. I -.

(2) While some control over the radiated power spec- 7
trum has been achieved, in both cases the greatest radiated ,,7l ,
power appears to be at frequencies between 12 and 24 GHz. 1100 1300 1500

This result is consistent with the theoretical studies that indi- B (Gauss)
cate that the TM modes do not occur for frequencies below FIG. 17. Total radiated power in Xband and Ka band vs cusp magnetic field

about 16 GHz. for the A = 12 and A =40 anodes.
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X0 betwein beam modes and TE and TM waveguide modes of
the drift chamber p redicts a broadband radiation spectrum

6- in reasonable agreement with experimental observations. (2)
Experimental measurements of the radiation spectrum indi-

* cate that substantial radiated power is produced at frequen-
4

0 cies in the range 12-24 GHz, a result consistent with the
0 theoretical analysis, which shows that the TM modes should'

2 X begin to be observed at about 16 GHz. (3) It is apparent that
C some control over the radiation spectrum may be achieved

* I Iby either providing a preloaded azimuthal density structure
4 5 6 7 8 9 to the beam orby using afinite length drift chamber to fix the

(bi L (cmlaxial wavelength of the radiation.
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,High-power microwave generation from a rotating E layer In a magnetron-
type waveguide

W.W. Destler. R. L. Weiler, and C. D. Striffler
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(Received 17 July 1980; accepted for publication 13 January 1981)

The generation of high-power bursts of microwave radiation from hollow, relativistic E layers
injected through a cusped magnetic field into a magnetron-type conducting boundary
configuration has been studied experimentally. Using a 2-MeV, 2-kA, 5-ns injected beam pulse,
approximately 250 MW of radiated power have been generated at 9.6 GHz.

PACS numbers: 85.10.Ka

The production of very high power bursts of microwave ra- a conducting wall structure that is similar to that of the mag-
diation by coupling the output of high-current relativistic netron. One again supposes that radiation is produced by
electron accelerators to conventional microwave devices resonant interaction of circulatory space charge and the var-
(klystrons, backward wave oscillators, and magnetrons) has ious modes of the conducting chamber, but, in this case, the
been reported by several groups during the past few years."-s circulation is at the relativistic cyclotron frequency. Such a
Many of these experiments have reported conversion effi- system may have a number of advantages over conventional
ciencies of electron beam power to microwave power ap- magnetrons: (i) Much lower magnetic fields need be applied
proaching those achieved in conventional devices working at to operate at a given frequency, since the space-charge drift

* much lower power levels. In this letter we report preliminary velocity is now given by row, where ro is the the mean beam
experimental results from a new type of microwave device radius, and co, is the relativistic cyclotron frequency (note
that appears to have advantages with respect to conventional that the Hull criterion does not apply here). (ii) The size of

* high-power magnetrons, and that has some features similar the device is not determined by diode impedance matching
to our configuration. This new configuration also shares requirements and/or frequency selection considerations. (iii)
some features of its operation with gryrotrons,6"7 although There are no applied voltages in the interaction region and,

" the electron orbits and conducting boundary systems of the therefore, less likelihood of dc and rfbreakdown. As a result
two devices are quite different. of all of the above, efficient higher frequency operation may

In a conventional multiresonator magnetron, electrons be possible.
emitted from the cathode circulate around the device with
E X B drift velocity, as shown in Fig. 1 (a). Radiation is pro-
duced by resonant interaction between the circulating space
charge and the magnetron modes associated with the anode Anode
slow-wave structure. High power magnetrons '" of this type
have produced over 10' W of radiated power at about 4 GHz
and have been designed around various operational limita-
tions imposed by such systems. These include (i) the applied
magnetic field being large enough to prevent electrons from
crossing the anode-cathode gap (the Hull criterions); (ii) the Cato

magnetic field being low enough to allow space-charge circu- ('vo)
lation at a drift velocity comparable to the phase velocity of ;d - 8 netron; I(b) rotating ELayer in a
the magnetron mode to be excited (the Buneman-Hartree magnetron-type waveguide.
condition'); (iii) the anode-cathode gap being small enough Ca)
to allow field emission of electrons from the cathode in suffi-
cient quantities to match the effective magnetron load im-
pedance to the source impedance; and (iv) the high applied Outer Coductr Boudary
potentials in such systems being less than a value that would
induce dc and rf breakdown. The result of these design re-
quirements is that such devices do not appear to perform
well at higher frequencies, in part because of the slow circu- r r--;rl
lation velocity of the space charge and in part because elec- -

trical breakdown and other considerations limit the number
of resonators that can be used to maximum of about eight.' Inner

In our configuration [Fig. (b)], a rotating relativistic E co*dxtnr

layer is produced by passing a hollow nonrotating beam vd •o wc (it any)

through a narrow symmetric magnetic cusp. The down-
stream chamber, in which the rotating beam propagates, has (b)
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The experimental configuration is shown schematically
_jn Fig. 2. A hollow, nonrotating, relativistic electron beam (2
MeV, 20 kA, 30 ns) is emitted from al2-cm-diam circular 2o0
knife-edge carbon cathode located 7.5 cm upstream of the t()
anode. A 0.5-cm-wide circular slit in the anode plate allowsa 
fraction of the diode current to pass through the anode plane (00A
into the magnetic cusp transition region, where v, X B, force
efficiently converts axial particle velocity to azimuthal ve-
locity downstream of the cusp transition. The details of par- a 0 (2

ticle motion in the cusp region are reported elsewhere,"0 and t(GH4z)

it is easily shown that the downstream particle orbits are axis 300
encircling with s gyroradius equa) to the cathode radius.
Typical downstream beam parameters are 2 MeV, 2 kA, and 200 (b)
5 ns, and the rotating E layer moves through the down-
stream region with an axial velocity in the range 0.1-0.3 c.
The magnetic field upstream and downstream of the cusp
transition is in the range 1200-1400 G, with a resultant rela- .
tivistic cyclotron frequency of about 770 MHz at 1350 G. 8 20 12

The rotating electron beam in the region downstream of f (GHz)
;he cusp transition interacts with an outer conductingoundary of the type shown in Fig. 1(b) consisting of 12 reso- FIG. 3. Typical single shot power spectra for (a) simple cylindrical outerb oun ary of h e t p e h o w in Fig .I ( ) c nsi ting of 2 r so - conducting boundary; (b) n = 12 m ult.iresonator m agnetron outer conduct-
nators (n = 12) with dimensions r, = 6.5 cm and r, = 7.5 ing boundary. Applied magnetic field is 1350 G in each c
gm. No inner conducting boundary was used for these initial
experiments. For comparison purposes, measurements were
also made ofthe radiation produced when the beam interacts by making use of the frequency-dependent group velocity of
with a simple cylindrical outer conducting boundary of 7.5- the radiation down the dispersive line. The undispersed radi-
cm radius. Details of the radiation production in this latter ation pulse duration was measured to be about 5 ns.
configuration have been reported elsewhere...-3 Unlike a Results of these measurements are shown in Fig. 3, both
conventional magnetron, where radiation is usually extract- for the simple cylindrical outer boundary and for the magne-
ed through a window in one of the resonators, radiation in tron-type boundary. Each spectrum was obtained from a
this system was extracted axially out the downstream end of single shot, with each point representing a peak in the dis-
the drift chamber, as shown in Fig. 2. The downstream end persed radiation waveform reaching the detector. The ma-
of the drift chamber was flared to provide a smooth transi- netic field setting in each case was 1350 G. Shot to shot
tion to free space, and the radiated power was detected by a reproducibility using the magnetron boundary was about
receiving horn and a 34-m X-band (8- 12 GHz) dispersive ± 5% in frequency and about 4 0% in power amplitude.

line connected to a calibrated attenuator and a calibrated It is easily seen that both the total power and the spectrum of
detector. Total power was obtained by determining the effec- the emitted radiation are ,feted dramatically by the mul-
tive radiation area at a given axial position of the receiving tiresonator boundary. Ior the simple outer boundary, the
horn (by carefully surveying the region to determine over power is very broad band in the X-band frequency spectrum
what area radiation is produced) from the output end of the with peak powers around 200 kW. However. for the magne-
drift chamber and multiplying the measured radiated power tron-type boundary, the peak power is a factor of 1000 great-
at the detector by the ratio of this area to that of the receiving er and occurs predominantly at a single frequency around

born. The power spectrum of the radiation was determined 9.6 GHz. A possible explanation for the strongly peaked
spectrum that involves resonant interaction between a beam
mode and the modes of the waveguide structure is that the
magnetron-type boundary supports only the hollow smooth

"'oMaetron" outer Coductin waveguide modes for which I = n, where I represents the

Ao1,0 PlateBoudy azimuthal harmonic number of the beam. We would thus
J, expect the radiation to al: pear close to kac For ! = n = 12,

Ay, is around 9.2 GHz for a 1350-0 applied field in close
Oirylic agreement with the frequency of the observed peak power.

ao At this early state of examination, however, we cannot rule
out the possibility that the boundary dramatically changes
the mode structure and the interaction involves some other
resonant interaction. Although the efficiency of the system

Dispersive Lie (- 10%) does not yet approach that of conventional magne-
VOW~sti Coils trons, the system is currently unoptimized, and further

Diode Col modifications may yield even higher radiated powers.

FIG. 2. General experimenttal cmfiguration. In conclusion, about 2 X l0V W of microwave radiation
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at 9.6 GHz has been generated by the interaplion of A 2- 'N.F. Kovalev, . Il. Petelin. M. Q. Kilizer. A. V. Smorgonskii, and L E
**V, 2-kA, 5-ns cusp-generated rotating E layer with an Tsopp. Zb. Eksp. Teor. Fiz.'Pi%'ma Red. 18. 23211973).
n = 12 multiresonator magnetron-type conducting bound- G. &ekefl and T. Orzechowck. Phys. Rev. Lett. 37, 379 (1976).

. '5A. Palevsky and G. Bekefi, Phys.. Fluids 22,986 (1979).
9. ary system. Such Systems appear to overcome many of the V.A. Flyagin. A. V. Gaponov. M. 1.Pefelin, V. K. Yulpalos. lEEETrans.

operational limitations of conventional magnetrons and Microwave Theory Tech. MFTr-25. 6, 51411977).
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